Purpose: Defocus imposed to the periphery of the visual field can affect the development of foveal/central refractive errors. To make use of this observation, lenses can be designed to reduce myopia progression, but it is important to know which power profiles of the lenses are most effective. We have studied this question in chickens. Methods: Sixty male white leghorn chickens were used. From day 7 after hatching, they were treated for 5 days either with full field À7D or +7D lenses, with À7D lenses with a 4 mm central hole, with hemi-field lenses of the same power, or with two different types of radial refractive gradient (RRG) lenses with increasing positive power from the center to the periphery, which were designed by Rodenstock GmbH, Munich, Germany. A macro file was written for ''ImageJ'' to trace and average the outlines of several excised eyes after treatment. Shapes of fellow control eyes and lens-treated eyes were compared in the horizontal and vertical meridians. Refractions were determined at À45°, 0°, and 45°over the horizontal visual field, at the beginning and at the end of experiments, using automated infrared photoretinoscopy. Results: (1) Eye length, as determined by the new automated eye shape tracing technique, was well correlated with A-scan ultrasound data. (2) The effects of previously tested lens designs were reproduced with the new tracing technique. Full field lenses were by far the most effective (À7D: external axial length +0.24 mm with an increase in eye volume of about 6%, +7D: À0.08 mm, with a decrease in eye volume of about 2%). Hemi-field lenses and negative lenses with a 4 mm central hole induced conspicuous local changes in eye shape. (3) The first type of RRG lenses with a plano zone of about 4 mm (equivalent to about ±12.52°in the visual field for a vertex distance of 5 mm) had no apparent effect on central refractions but induced small hyperopic shifts in the periphery, more significant in the temporal retina (+1.70 ± 1.70D, p < 0.001, paired t-test to untreated fellow eyes). The second type of RRG lenses with a small plano zone of 2 mm (equivalent to ±6.34°) induced peripheral hyperopia but also changed the central refraction (temporal retina +1.50 ± 1.17D, p < 0.001, central retina +0.77 ± 1.15D, p < 0.01, nasal retina +1.47 ± 1.35D, p < 0.001, paired t-test to untreated control eyes). Conclusions: In the afoveate chick, RRG lenses have an effect on central refraction and eye growth only if the central plano zone is small (<4 mm). For the second type of RRG lens with a central plano zone of about 2 mm, inhibitory effects on eye growth were detected in both the center and periphery even though the optical power of the lenses in the periphery was low.
Introduction
Since it was found that foveal myopia can be induced in monkeys by depriving only the periphery of the visual field first described by Smith et al. (2005) and that peripherally imposed defocus induces predictable foveal refractive errors ) it became clear that peripheral refraction matters in emmetropization in primates. In chicks, guinea pigs, and tree shrews it was already known that imposed defocus is independently compensated for in different parts of the visual field (McFadden, 2002; Norton & Siegwart, 1991; Wallman et al., 1987) . A recent study showed induced hemifield myopia also in monkeys ). The idea emerged that spectacles lenses which impose myopic refractive errors to the periphery of the visual field should have an inhibitory effect on myopia development in the fovea, even if foveal refraction is appropriately corrected.
It has been known since long that myopic eyes tend to be relatively more hyperopic in the periphery, a condition that may further stimulate myopia development. Conversely, hyperopic eyes are relatively more myopic, a condition that should inhibit myopia Vision Research 54 (2012) [12] [13] [14] [15] [16] [17] [18] [19] Contents lists available at SciVerse ScienceDirect Vision Research j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / v i s r e s development . Although considerable literature exists that supports this initial claim by Rempt, Hoogerheide, and Hoogenboom (1971) , it remained unclear whether these peripheral refractive errors were a reason or a consequence of foveal refractive errors -a ''hen and egg'' problem (Atchison, Pritchard, & Schmid, 2006; Atchison et al., 2004; Millodot, 1981; Mutti et al., 2000; . Most studies support the second assumption, although Hoogerheide, Rempt, and Hoogenboom (1971) claimed that they could predict future myopia in military conscripts based on their peripheral spherical equivalents. In any case, conventional spectacle lenses used for correcting myopia often induce significant relative hyperopia in the periphery (e.g. Tabernero et al., 2009) , an unfavorable condition since it may stimulate myopia progression. Therefore new lens designs might be worthwhile.
More recently, various new spectacle designs appeared (e.g. Tabernero et al. (2009) ; ''MyoVision'', http://www.brienholdenvision.org/research/technology/projects/195-myopia-control.html) which correct refractive errors in the center of the visual field but leave the periphery myopic. These lenses were already tested in children in a number of studies and further studies are underway. Worn over a period of 1 year, ''anti-myopic spectacle lenses'' (AMS-PL) showed some effect at least in younger children (6-12 years of age) with a parental history of myopia. In this case there was significantly less progression of myopia with rotationally asymmetric AMSPL compared to the normal sphero-cylindrical spectacle lenses (À0.68 ± 0.47D versus À0.97 ± 0.48D, p = 0.038) (Sankaridurg et al., 2010) . Also silicone hydrogel contact lenses designed to fully correct central vision but reduce relative peripheral hyperopia (AMCL) had some beneficial effect: after 6 months, progression of myopia with these contact lenses was 54% less than that with standard sphero-cylindrical spectacles, although spectacle-wearers were perhaps not the optimal reference group for comparison (Sankaridurg et al., 2011) .
However, it is still not clear why the effects of these lenses are generally not as large as hoped, and why they were so variable. The standard deviations were about as large as the effects (Sankaridurg et al., 2010) . The tested lenses had a wide central zone (10-20 mm) with no additional optical power other than the one needed for the correction of the central myopia and astigmatism, if necessary. Two of the AMSPL were rotationally symmetric with clear central zones surrounded by a progressively ramp of increasing positive power up to +2.00D, 25 mm from center. The third AMSPL was rotationally asymmetric, had clear center and positive power in the periphery, +1.90D, 25 mm from center, and was optimized to reduce astigmatism in the horizontal meridian. While several different lens designs were already compared, the effects were not fully satisfactory for any of them. It is therefore of interest whether the effects of such lenses could be further improved with developing other refractive power profiles.
We have studied this question in the chicken model of myopia. Although the chicken has an ''afoveate area centralis'' (Morris, 1982) rather than a fovea, it provides a perfect model to study effects of locally imposed defocus on eye growth (e.g. Diether & Schaeffel, 1997; Schippert & Schaeffel, 2006; Woods et al., 2011) . In addition to experiments that involved previously tested lens designs to validate the new tracing procedure for eye shape, in the current study two new radial refractive gradient lenses provided by Rodenstock GmbH, Munich, Germany, were tested. These lenses either had a wide central plano zone (RRG1; about ±12.52°of the central visual field with a steep gradient in the periphery and high positive power up to 7.5D), or a small central plano zone and a flatter increase in positive power to the periphery (RRG2; about ±6.34°o f the central visual field with a steep gradient in the periphery and a modest positive power of up to 2.75D).
Methods

Animals
In total, 60 male white leghorn chickens (Gallus domesticus) were used for this study. All experiments were conducted in agreement with the ARVO statement for the use of Animals in Ophthalmic and Vision Research and were approved by the Commission for Animal Welfare of the Medical Faculty of the University of Tuebingen. Chickens were obtained from a local hatchery (company Weiss, Kirchberg, Germany) 1 day after hatching, and were raised in groups in large cages in the animal facilities of the institute at a 12-h light/12-h dark cycle. During the 12 h light cycle, chickens were exposed to an ambient illuminance of approximately 500 lux. Room temperature was kept at 30°C during the first week post-hatching and at 28°afterwards. Water and food were supplied ad libitum. Power profiles of the RRG lenses were provided by the manufacturer (spherical equivalent and astigmatism as a function of radial distance from the lens center in millimeters).
Treatment paradigms and lens designs
Chickens, divided into six groups, were treated in their left eyes for 5 days with full field positive (six chicks, 7 days of age) or negative spectacle lenses (eight chicks, 10 days of age) (powers +7D and À7D), or negative lenses (À7D) with central holes of 4 mm in diameter (six chicks, 7 days of age), or hemi-field negative lenses (À7D) defocusing the nasal visual field (six chicks, 7 days of age), and two types of ''Radial Refractive Gradient'' lenses with different power profiles, RRG1 (13 chicks, 7 days of age) and RRG2 (21 chicks, 10 days of age). RRG lenses were provided by Rodenstock GmbH, Munich, Germany. They increased in positive power from the center to the periphery as shown in Fig. 1 .
Treatment started at day 7 post-hatching, and at day 10 in two cases. Different starting points of the experiments (7 and 10 days) were due to availability of the chicks. The distances of the single vision lenses with 18 mm diameter from the corneal apex (vertex distances) ranged between 2 and 3 mm. As calculated by Schippert and Schaeffel (2006) , a lens with a 4 mm central hole left 38°of the central visual field unobstructed. For the RRG lenses, the distances from the corneal apex were larger, about 5 mm, because these lenses had a diameter of 30 mm due to production reasons. The velcro rings carrying the RRG lenses were centered around the pupil center by the eye of the experimentator. The estimated precision is ±1 mm. We had previously estimated the amplitude of eye movements by the chickens in the range of 10 to maximally 20° (Schippert & Schaeffel, 2006) . Accordingly, the intersection of the chief ray with the lens surface cannot be determined more precisely than the ''noise'' introduced by the eye movements, and therefore defocus imposed by the RRG lenses can also not be located more precisely. The defocus imposed at different angles across the horizontal visual field, as shown in Fig. 1 , was determined by tracing the chief rays through the posterior nodal points of a chicken eye with a 10 mm axial length (Schaeffel & Howard, 1988) . Variations in vertex distances changed the position where the chief ray, connecting object point and image point, intersected with the lens. The change was about 12% per 1 mm change in vertex distance. For instance, the power of the lens at a 20°position in the visual field would then move to 22.4°more peripheral if the lens moved closer to the corneal apex. These effects were not further considered since it was not possible to control vertex distance better than ±1 mm, and because they were small. In lens RRG1, as it can be seen in Fig. 1 , there was a constant increase of the spherical equivalent power towards the periphery, reaching high values. As a consequence, there was also a constant increase of the astigmatism towards the periphery, which reached even higher values than the spherical equivalent. In RRG2, on the other hand, the spherical equivalent power levelled of at about 3D which were reached fast. As a result, astigmatism was constrained to the region with the fast increase in spherical equivalent power.
As can also be seen in Fig. 1 , the increase in power was steeper in RRG2 than in RRG1 lenses and thus, myopia was induced closer to the center. Implementation of strong and localized variations of the spherical equivalent (up to two diopters of spherical equivalent in 5 mm in RRG2) was not easy to achieve with low astigmatism and optimal optical quality. Steep variations are needed for the small eye of the chicken in comparison to humans -a big challenge when producing these lenses for chickens with machines developed for human progressive addition lenses.
Note that power profiles of the lenses across angular position in the visual field shown in Fig. 1 may be not perfectly true because the posterior nodal point is not stationary for all angles. A detailed discussion of this limitation is found in Tabernero et al. (2009) .
Measurement techniques
Refractions were determined over the horizontal visual field at eccentricities of À45°(nasal retina), 0°(central retina) and +45°( temporal retina) at the beginning and at the end of experiments using automated infrared photoretinoscopy (calibrated for chickens of the same age ). Axial lengths were measured at the beginning and at the end of experiments by A-scan ultrasound as described before (Schaeffel & Howland, 1991) . Averages of three repeated measurements were used in all cases for statistical analyses.
Eye shapes were analyzed in intact, freshly excised eyes that were carefully cleaned from adherent muscle and connective tissue and then glued on a flat white surface used as the background to enhance contrast, as shown in Fig. 2 . Schaeffel, Glasser, and Howland (1988) had shown that the chicken eye is surprisingly stable against deformation of shape and optics such that focused transscleral images can be recorded over several minutes after enucleation. The stability is due to the presence of scleral ossicles, high intraocular pressure and a rigid sclera. Changes in eye shape during the shape tracing procedures could be excluded during the time period of measurement. To align the eyes, the optic nerve was used as coordinate as described by Schaeffel, Glasser, and Howland (1988) . The optic nerve leaves the eye in temporal lower quadrant of the retina at about 5 o'clock as seen from object space. Together with the knowledge whether this was the left or right eye, it was sufficient to align the globes properly for tracing. Globes were illuminated by a ring of IR LEDs that was centered around the eye to prevent shades. A video camera grabbed a picture of the eye in BMP-format that could be loaded into ''ImageJ'' -a publicly available image processing platform (http://rsbweb.nih.gov/ij/).
A macro file was written for ImageJ for tracing the outline of the eye, using the following processing steps: (1) all pixels darker than threshold were detected, their center of mass was calculated and marked by a small white ring (Fig. 2) . (2) The edges of the eye, well visible against the white background, were traced by two orthogonal scans using a simple edge detector, and their x, y-coordinates stored. (3) These coordinates were converted into polar coordinates (radius and angle), using the center of mass of the eye as origin. To average the shapes of many eyes, the radius at each angle was averaged to generate the outline of an ''average eye'', together with a standard deviation. The radii at each angle were compared at selected angles for treated and contralateral control eyes, using paired t-tests.
Furthermore, the changes in refraction (differences between the initial refraction and the refraction after various treatments) in the treated and the fellow control eye were calculated. Statistical analyses were done using the software package JMP 4.0, (SAS Institute, Cary, USA) and Excel Analysis ToolPak. In the figures below, asterisks denote significance levels ( Ã p < 0.05, ÃÃ p < 0.01, ÃÃÃ p < 0.001).
Results
Refractive states at the beginning and the end of each treatment period ±SD, for both treated and fellow-control eyes, are presented in Table 1 .
To be able to compare the effects of RRG lenses to known effects of other lens designs, experiments involving standard lens types were repeated. The tracing technique was also compared to A-scan ultrasonography (Fig. 3) . The two techniques were significantly correlated (p < 0.001). An offset was observed, with eyes measured with the video tracing technique being 0.39 ± 0.17 mm longer than with A-scan ultrasound. The difference is easy to explain, since A-scan measures the distance from the corneal apex to the vitreo-retinal interface (with potentially additional shortening due to a small indentation of the cornea when the transducer touched) while the tracing technique measures the external shape of the eye.
As previously shown, chicks eyes rapidly compensated for full field lenses over the treatment period. Different parts of the retina were differently responsive. In case of À7D lenses, the refraction in the temporal retina became less myopic relative to central and nasal retina (p < 0.001, paired t-test). The mean changes in refraction in the treated eyes ±SD were: temporal retina, À4.62 ± 1.63D, central Table 1 Mean refractive states [D] for all groups at the beginning (day 0) and at the end (day 5) of the lens treatments, measured at three eccentricities across the horizontal retina (+45°-temporal retina, 0°-central retina and retina, À6.66 ± 1.78D, and nasal retina À6.57 ± 1.81D, all p < 0.001, paired t-test, compared to untreated control eyes (Fig. 4) . In the case of +7D lenses the changes in refraction were more similar across the visual field: temporal retina, +5.92 ± 1.26D, central retina, +6.04 ± 0.93D, nasal retina, +5.29 ± 1.17D, all p < 0.001, paired t-test, compared to untreated control eyes (Fig. 4) . Effects of lenses with a central hole (C) and hemifield lenses (D), as well as the two new RRG lenses (E and F) are also shown in Fig. 4 . Only the RRG2 lenses generated a significant change in refraction in the center of the visual field, although all these changes were small compared to the effects of the full-field lenses. Eye shapes after treatment with full field lenses, lenses with a central hole and hemi-field lenses are shown in Fig. 5 . Negative full field lenses induced an increase in axial eye length by 0.24 mm (from 9.98 ± 0.24 to 10.22 ± 0.35 mm), and an increase in eye volume of about 6%, while positive full field lenses slowed down axial eye growth by 0.08 mm (from 9.84 ± 0.20 to 9.76 ± 0.13 mm), with a decrease in eye volume of about 2%. Effects of negative lenses (À7D) with 4 mm holes in the center showed up in eye shape mainly in the periphery, as expected from a previous study (Schippert & Schaeffel, 2006) . Hemi-field lenses, defocusing only the nasal visual field (temporal retina) caused large amounts of myopia in the defocused part of the retina and highly asymmetrical eye shapes, similar to earlier results by Diether and Schaeffel (1997) .
The two different RRG lenses had very different effects on central refraction and on eye shape (Fig. 6 -Effects of RRG 1; Fig. 7 -Effects of RRG 2). The first type of ''RRG'' lenses had no Fig. 3 . Correlation between axial lengths measured with A-scan ultrasonography and using the macro file for ImageJ. The correlation was highly significant (p < 0.001). Fig. 4 . Mean changes in refraction over the different treatment periods in the treated and fellow control eyes. Refractions are plotted against retinal eccentricities (À45°c orresponding to nasal retina, 0°corresponding to central retina, and +45°, corresponding to temporal retina). Error bars represent the standard errors of the mean (SEM). Asterisks denote significance levels ( Ã p < 0.05,
apparent effect on central refractions but induced small hyperopic shifts in the periphery which were significant in both the nasal and temporal retina, p < 0.001 for temporal retina, p < 0.05 for nasal retina, paired t-test, to untreated control eyes. The mean changes in refraction in the treated eyes were: temporal retina,
1.70 ± 1.70D, central retina, À0.3 ± 1.31D, nasal retina, 0.25 ± 0.94D (Fig. 4) . No significant changes in eye shape were noticed overall (Fig. 6) . The second type of ''RRG'' lenses determined refraction changes in the periphery, affecting in the same time the central retina although this was not out of focus. The mean changes in refraction in the treated eyes ±SD were: temporal retina, 1.50 ± 1.17, central retina, 0.77 ± 1.15, nasal retina 1.47 ± 1.35, temporal and nasal retina p < 0.001, central retina p < 0.01, paired t-test to untreated control eyes (Fig. 4) . Eye shape changed significantly only in the superior retina (lower visual field), temporal retina and in the center of the visual field (Fig. 7) .
Discussion
Techniques
A new technique, using an ImageJ Macro file that traces the outline of eyes, converted the data into polar coordinates with the center of mass of the eye as origin, averaged the chord lengths and provided standard deviations for several eyes which made it possible to study the effects of different lenses on eye shape. Using standard lens treatment paradigms, it was shown that the tracing procedure resolved the expected changes in eye shape (Fig. 5 ). This conclusion was also supported by the correlation of eye length data from tracing and from A-scan ultrasound. A disadvantage of the tracing technique is that changes in choroidal thickness are not detected. Therefore, positive lenses, which caused initially mainly choroidal thickening, had apparently less effect. In some cases, no changes in eye shapes were detected, even though significant changes in refraction were obvious but this was, again, most likely due to changes in choroidal thickness.
Why were effects of the RRG lenses so small?
The small effects can be explained by two factors: (1) The lens that had an effect (RRG 2) had a peripheral power of less than 3D (Fig. 1) . Given that its power was positive, some part of the effect was choroidal. Therefore, changes in external shape were expected to be less. Experiments with the full field lenses (Fig. 5) showed that positive lenses generated only a third of a change in eye shape, compared to negative lenses. A schematic eye of the chicken converted one diopter into only 60 lm (Schaeffel & Howard, 1988) . The magnitude of the expected shape changes were therefore in line with the expectations. (2) One could speculate that the quality of the peripheral optics with the RRG lenses was too poor since astigmatism was inevitably induced by the power gradient. However, McLean and Wallman (2003) have shown that emmetropization in chicks works well even with a 10D cross-cylinder superimposed to a spherical refractive error. Therefore, peripheral astigmatism should not impose a problem.
4.3. Magnitude of effects of RRG-like lenses on myopia progression in studies with children RRG-like optical designs were tested as spectacles (Sankaridurg et al., 2010) and contact lenses (Sankaridurg et al., 2011) . With their novel spectacles (''type 3'', which was rotationally asymmetric with a plano central area of 10 mm and positive power in the Fig. 1 ) and did not generate any significant changes in eye shape, although minor differences were seen in refraction (Fig. 4) . Fig. 7 . Effects of RRG 2 lenses on eye shape. The left side represents the superior or temporal retina, respectively, the right side the inferior or nasal retina. Black lines: lens treated eyes, gray lines: open fellow eyes. The effects of these lenses were also small. Even though their power distributions were rotationally symmetrical, the lenses generated a significant effect only in the superior, central and temporal parts of the retina based on the overlapped eye shapes. periphery of +1.90D at 25 mm from center and optimized to reduce astigmatism in the horizontal meridian), myopia progression was significantly reduced only when the analysis was confined to a subgroup of children who were younger (6-12 years) and whose parents were also myopic. Contact lenses reduced myopia progression by 34% and axial elongation by 33%, compared to 40 agematched controls with conventional spectacle corrections. At this point it can only be concluded that the new lens design has some potential to inhibit myopia progression but that further trials with different lens designs may be necessary optimize the effect.
Comparison of foveate and afoveate animal models
Different from accommodation which is largely driven by foveal input (Schippert & Schaeffel, 2006; Smith, 2011) , emmetropization in foveate eyes is largely driven by periphery of the visual field. Two experiments support this view: (1) Huang, Hung, and Smith (2011) showed that lesioning the fovea in monkeys did not preclude the eyes recovering from myopia and (2) as described above, unobstructed vision of the fovea does not preclude myopia development if the periphery is deprived of sharp vision (Smith et al., 2005) . Low visual acuity in the periphery is not limiting since the thresholds for detecting defocus are still surprisingly low (Rosen, Lundstrom, & Unsbo, 2011) . In afoveate chicks, local compensation of imposed refractive errors is surprisingly flexible: they can compensate peripherally imposed refractive errors without changing the length of the eye in the center (e.g. Schippert & Schaeffel, 2006) . To induce changes in the central refraction in the chick, the plano area of a lens must be small. Schippert and Schaeffel (2006) could not induce any changes in refraction and eye growth along the optical axis with a 4 mm hole in the spectacle lenses (equivalent to 38°in the visual field). At the same time, Morgon & Ambadeniya (2006) could induce central myopia when the hole in the lenses was only 3 mm in diameter. The current study with the RRG lenses is in line with these findings: with a >4 mm plano zone in the RRG1 lens and 5 mm vertex distance (leaving about >+10°of the central visual field unobstructed), no effect was found in eye growth in the center, but with a 2 mm plano zone, some effect was detected (Fig. 7) .
In summary, the chick eye appears to respond more locally to imposed defocus than the primate eye. We suspect that, in primates, a larger plano zone may still generate changes in central refraction. In terms of tolerability of new ''anti-myopic'' spectacles, this represents a favorable condition.
